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ABSTRACT 

During c o a l  d e v o l a t i l i z a t i o n ,  t h e  c o a l  S u l f u r  i s  d i s t r i b u t e d  i n t o  s o l i d ,  l i q u i d ,  and 
gaseous p r o d u c t s  depending on t h e  type  and q u a n t i t y  of t h e  c o a l  s u l f u r  and t h e  p ro -  
c e s s i n g  c o n d i t i o n s  ( e . g . ,  t empera tu re ,  p r e s s u r e ,  and h e a t i n g  r a t e )  used. I n  t h i s  
s t u d y ,  a s e r i e s  of c o a l s  was d e v o l a t i l i z e d  a t  a r e l a t i v e l y  low t empera tu re  i n  a 
f ixed-bed r e a c t o r  i n  an  i n e r t  a tmosphere.  The d i s t r i b u t i o n  of s u l f u r  i n  s o l i d ,  
l i q u i d ,  and gaseous p roduc t s  was monitored.  I n f l u e n c e  o f  peak d e v o l a t i l i z a t i o n  tem- 
p e r a t u r e  on s u l f u r  d i s t r i b u t i o n  i n  p roduc t s  was determined f o r  a h i g h - v o l a t i l e  
bi tuminous c o a l  ( P i t t s b u r g h  No. 8 ) .  The s u l f u r  c o n t e n t  of t h e  p y r o l y s i s  l i q u i d s  
gene ra t ed  a t  5OO0C c o r r e l a t e  w e l l  w i th  t h e  t o t a l  c o a l  s u l f u r .  The t o t a l  s u l f u r  of 
t h e  c h a r  can  b e  c o r r e l a t e d  w i t h  t h e  p y r i t i c  s u l f u r  con ten t  of t h e  c o a l .  T o t a l  gase-  
o u s  s u l f u r  c o n t e n t  (sum o f  HzS and COS) i n c r e a s e s  w i t h  t h e  i n c r e a s e  i n  p y r i t i c  o r  
o r g a n i c  s u l f u r  of c o a l  b u t  d i r e c t  c o r r e l a t i o n s  a r e  poor .  An i n c r e a s e  i n  pyKOlySiS 
t empera tu re  i n c r e a s e s  t h e  t o t a l  gaseous s u l f u r  y i e l d .  Based on s u l f u r  d i s t r i b u t i o n  
d a t a  for abou t  25 c o a l s ,  models have been developed t o  c o r r e l a t e  t h e  s u l f u r  y i e l d  i n  
p roduc t s  w i t h  t h e  t o t a l  s u l f u r  o f  t h e  f e e d  c o a l .  

INTRODUCTION AND OBJECTIVES 

A fundamental unde r s t and ing  o f  t h e  p h y s i c a l  and chemical  t r ans fo rma t ions  of c o a l  
s u l f u r  which occur  du r ing  p y r o l y s i s  i s  e s s e n t i a l  f o r  e f f e c t i v e  u t i l i z a t i o n  of t h e  
l a r g e  r e s e r v e  of c o a l  a v a i l a b l e  i n  t h e  United S t a t e s  (1). Work a t  t h e  Morgantown 
Energy Technology C e n t e r  (PIETC) demonstrated t h a t  a r e l a t i v e l y  h i g h - q u a l i t y  l i q u i d  
f u e l  (low s u l f u r ,  h i g h  H / C )  c an  be produced by low-temperature  d e v o l a t i l i z a t i o n  o f  
c o a l  ( 2 , 3 ) .  Coal d e v o l a t i l i z a t i o n  i s  a key s t e p  i n  v a r i o u s  conversion p r o c e s s e s  
i n c l u d i n g  g a s i f i c a t i o n ,  combustion, and l i q u e f a c t i o n .  The o r g a n i c  and i n o r g a n i c  
c o n s t i t u e n t s  o f  c o a l  ( i n c l u d i n g  s u l f u r )  undergo s i g n i f i c a n t  changes du r ing  devola-  
t i l i z a t i o n .  The e x t e n t  o f  t h e s e  changes depend on t h e  peak p y r o l y s i s  t empera tu re ,  
h e a t i n g  r a t e ,  gas a tmosphere,  and most impor t an t ly ,  coa l  type.  The o b j e c t i v e  of  t h i s  
s t u d y  was t o  i n v e s t i g a t e  t h e  d i s t r i b u t i o n  o f  c o a l  s u l f u r  i n t o  gaseous,  l i q u i d ,  and 
s o l i d  p roduc t s  t h a t  occu r s  d u r i n g  d e v o l a t i l i z a t i o n  of c o a l  o f  v a r i o u s  t y p e s .  

BACKGROUND 

I n f l u e n c e  o f  Coal  Type on S u l f u r  Evo lu t ion  

Numerous f a c t o r s  i n f l u e n c e  t h e  mechanisms of s u l f u r  r e l e a s e  du r ing  t h e  p y r o l y s i s  o f  
c o a l s  o f  v a r i o u s  t y p e s .  Some1 e x c e l l e n t  reviews on t h e  s u l f u r  chemistry of c o a l  a r e  
a v a i l a b l e  (4 -11) .  However, w i t h  t h e  excep t ion  of a f e w  l i m i t e d  s t u d i e s  (10 ,12 ,13 ) ,  
r e l a t i v e l y  l i t t l e  has  been r e p o r t e d  on t h e  i n f l u e n c e  o f  c o a l  t ype  on s u l f u r  r e l e a s e  
d u r i n g  d e v o l a t i l i z a t i o n ,  e s p e c i a l l y  a t  r e l a t i v e l y  low t empera tu res  (500 t o  6OO0C). 
T h i s  t empera tu re  r e g i o n  i s  where s i g n i f i c a n t  changes i n  c o a l  s t r u c t u r e  occur .  Fur-  
thermore,  v e r y  few c o r r e l a t i o n s  between t h e  s u l f u r  i n  c o a l  and i t s  d i s t r i b u t i o n  i n  
t h e  p roduc t s  and e v o l u t i o n  r a t e s  a r e  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  

I t  i s  g e n e r a l l y  accepted t h a t  t h r e e  forms of s u l f u r  occur  i n  c o a l  (8,141: 
( a )  o r g a n i c  s u l f u r  ( an  i n t e g r a l  p a r t  o f  c o a l  s t r u c t u r e ) ,  (b )  p y r i t i c  and/or  marca- 
s i t e s  ( g e n e r a l l y  d i s c r e t e  p a r t i c l e s  O K  "lumps"), and f i n a l l y ,  ( c )  s u l f a t e s  ( a s  s a l t s  
o f  calcium or i r o n ) .  S u l f a t e s  a r e  n o t  u s u a l l y  p r e s e n t  i n  l a r g e  q u a n t i t i e s  i n  raw 
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c o a l .  However, s i g n i f i c a n t  amounts can be formed i f  t h e  c o a l  has been weathered 
( i . e . ,  o x i d i z e d ) .  The t y p e  and d i s t r i b u t i o n  of o r g a n i c  s u l f u r  v a r y  wide ly  i n  a com- 
p l e x  manner i n  d i f f e r e n t  c o a l s .  Roughly 40 t o  70 p e r c e n t  of t h e  o r g a n i c  s u l f u r  of a 
c o a l  i s  i n  th iophene  s t r u c t u r e  (and i t s  d e r i v a t i v e s ) .  The remaining 30 t o  60 p e r c e n t  
is  p r e s e n t  a s  t h i o l s  (R-SH) ,  s u l f i d e s  (R-S-R'), and d i s u l f i d e s  (R-S-S-R'). Thio- 
phenes a r e  he te ro-aromat ic  compounds wi th  t h e  s u l f u r  a s  p a r t  of a n  a romat ic  r i n g .  I n  
an a r y l  s u l f i d e ,  t h e  s u l f u r  i s  l i n k e d  t o  a n  a r o m a t i c  r i n g .  I n  c y c l i c  s u l f i d e s ,  t h e  
s u l f u r  1 s  p a r t  of a nonaromatic r i n g .  S u l f i d e s  a r e  u s u a l l y  p r e s e n t  a s  a r y l  s u l f i d e s ,  
c y c l i c  s u l f i d e s ,  and a l i p h a t i c  s u l f i d e s  i n  a r a t i o  o f  3 : 2 : 1 ,  r e s p e c t i v e l y  (5,6). For  
high-rank c o a l s ,  d i s u l f i d e s  a r e  n o t  b e l i e v e d  t o  be  a s i g n i f i c a n t  p o r t i o n  of t h e  t o t a l  
s u l f u r  (5 ) .  The amount of t h i o l s  i s  s u b s t a n t i a l l y  h i g h e r  i n  l i g n i t e s  and h igh-  
v o l a t i l e  c o a l s  than  i n  l o w - v o l a t i l e  c o a l s  ( 5 ) .  The c o a l i f i c a t i o n  p r o c e s s  a p p e a r s  t o  
cause  t h e  o r g a n i c  s u l f u r  t o  change from -SH th rough R-S-R' t o  th iophene  by c y c l i z a -  
t i o n  r e a c t i o n s .  I n  summary, t h e  bonding o f  t h e  o r g a n i c  s u l f u r  w i t h  t h e  c o a l  s t r u c -  
t u r e  v a r i e s  wi th  t h e  c o a l  rank .  The g r e a t e r  r i g i d i t y  of s u l f u r  p r e s e n t  i n  t h e  h i g h e r  
rank  c o a l s  r e n d e r s  t h e  s u l f u r  more s t a b l e  d u r i n g  h e a t  t r e a t m e n t .  

The amount of v o l a t i l e  m a t t e r  evolved d u r i n g  p y r o l y s i s  a l s o  i n f l u e n c e s  t h e  s u l f u r  
e v o l u t i o n  p r o c e s s  ( 1 2 ) .  The v o l a t i l e  m a t t e r  y i e l d  of t h e  lower rank c o a l s  (hvAb o r  
lower) i s  s i g n i f i c a n t l y  h i g h e r  than  t h a t  of t h e  h i g h e r  rank c o a l s .  The lower rank  
c o a l s  w i t h  h i g h e r  v o l a t i l e  m a t t e r  c o n t e n t  w i l l  r e t a i n  less s u l f u r  i n  t h e  r e s i d u e  
(by f i x a t i o n  o f  s u l f u r  by o r g a n i c  o r  i n o r g a n i c  c o a l  c o n s t i t u e n t s )  t h a n  t h e  h i g h e r  
rank  c o a l s .  F i n a l l y ,  t h e  ind igenous  minera l  m a t t e r  p r e s e n t  i n  c o a l  ( p a r t i c u l a r l y  
calcium and i r o n  compounds) may r e a c t  and f i x  s u l f u r  s p e c i e s  i n  t h e  s o l i d s  d u r i n g  
d e v o l a t i l i z a t i o n .  

Transformat ion  of Coal S u l f u r  During Heat Treatment 

The p y r i t e  p r e s e n t  i n  a c o a l  decomposes t o  f e r r o u s  s u l f i d e  and s u l f u r  when h e a t e d  i n  
an i n e r t  atmosphere by t h e  fo l lowing  r e a c t i o n :  FeSz - > FeS + S (Reac t ion  1, 
Table  1) .  T h i s  t r a n s f o r m a t i o n  b e g i n s  a t  450 t o  5OO0C and is  e s s e n t i a l l y  complete a t  
85OOC. A t  e l e v a t e d  t e m p e r a t u r e s ,  t h e  p y r i t e  may be reduced by carbon (Reac t ion  3 o f  
Table  1 ) .  Examples of r e a c t i o n s  of p y r i t e  w i t h  hydrogen (donated by c o a l ) ,  CH,, or 
Cas04 a r e  shown by t h e  Reac t ions  (41, ( 5 ) ,  and (61 ,  r e s p e c t i v e l y  (Table  1 ) .  

Most a l i p h a t i c  s u l f u r  compounds decompose a p p r e c i a b l y  a t  about  500OC. D i e t h y l  s u l -  
f i d e s  begin  decomposition a t  - 4OO0C t o  form H p S  and mercaptans .  A l i p h a t i c  and 
b e n z y l i c  s u l f i d e s ,  mercaptans ,  and d i s u l f i d e s  l o s e  H p S  between 700 and 800OC. Aro- 
mat ic  s u l f i d e s  and mercaptans a r e  r e l a t i v e l y  s t a b l e  (5) and y i e l d  H p S  and C S p  o n l y  a t  
a r e l a t i v e l y  h igh  tempera ture  (SOO°C). Examples of t h e  r e a c t i o n s  of o r g a n i c  s u l f u r  
a r e  summarized i n  Table  1. 

Yergey, e t  a l .  (15 ) ,  performed noniso thermal  k i n e t i c  s t u d i e s  on s u l f u r  e v o l u t i o n  i n  
hydrogen a t  a r e l a t i v e l y  slow b e a t i n g  r a t e  (1 t o  100°C/min). They developed a 
k i n e t i c  scheme t o  d e s c r i b e  t h e  HpS e v o l u t i o n  i n  hydrogen. S t i n n e t ,  e t  a l .  ( 1 6 1 ,  
a p p l i e d  t h e  p r i n c i p l e  of f r e e  energy minimiza t ion  and used t h e  NASA chemical e q u i l i b -  
rium code (CEC) t o  p r e d i c t  t h e  composition of t h e  f ixed-bed  e x i t  g a s e s ,  i n c l u d i n g  t h e  
s u l f u r  s p e c i e s .  In 1932, Snow (13) i n v e s t i g a t e d  t h e  convers ion  of c o a l  s u l f u r  a t  
v a r i o u s  peak tempera tures  i n  t h e  presence  of d i f f e r e n t  g a s e s  and r e p o r t e d  t h a t  f i r s t  
t r a c e s  o f  H2S could  be observed a t  a tempera ture  a s  low a s  200OC. C a l k i n s  (IO) s t u d -  
i e d  t h e  convers ion  of c o a l  and model o r g a n i c  s u l f u r  i n  a r a p i d l y  hea ted  f lu id-bed  
r e a c t o r .  

EXPERIMENTAL 

A fixed-bed r e a c t o r  (slow h e a t i n g  r a t e  o r g a n i c  d e v o l a t i l i z a t i o n  r e a c t o r ,  SHRODR) was 
used t o  g e n e r a t e  p y r o l y s i s  l i q u i d s  a t  500° C .  More d e t a i l s  on t h i s  r e a c t o r  system 
and t h e  exper imenta l  p rocedures  a r e  a v a i l a b l e  ( 2 , 3 ) .  A range o f  f e e d s t o c k s  ( p r i -  
m a r i l y  c o a l ,  b u t  a l s o  o i l  s h a l e ,  and t a r  sand)  was d e v o l a t i l i z e d  i n  t h i s  r e a c t o r .  I n  
t h i s  s t u d y  o n l y  t h e  c o a l  d a t a  were cons idered .  Most c o a l  samples were s u p p l i e d  by 
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TABLE 1. A Summary o f  P o s s i b l e  R e a c t i o n s  I n v o l v i n g  
S u l f u r  Compounds Dur ing  Coal  D e v o l a t i l i z a t i o n  

~~ 

I n o r g a n i c  

FeSz 5 o o ~ c  > FeS + S -> N o n v o l a t i l e  S Compounds 

I> (coal-H) HzS + 

FeSz ~ ~ ~ ~ & ~ ) >  CSz + 2 FeS + (Coal) -> 2 Fe + CSz 

8 2 FeSz &> FezS3 + HZS &> 2 FeS + 5 HzS &> 2 Fe + 2 HzS 

(3) 

( 4 )  23OOC 

S i m i l a r  R e a c t i o n s  a r e  p o s s i b l e  between CO and FeSg 

4 FeSz + CH4 CSz + 4 FeS + 2 HzS 

Cas04 + FeS2 + HzO -> CaO + FeS + 2 SO2 + Hz ( 6 )  

(Thiophene)  

(Thionaphthene)  

&J$l*.@-@+~zs 

(Dibenzo th iophene )  

\ / \ / 
C- C c - c  

C C c c  r e a c t i o n )  
I I  I1 + HzS - > I I  II + 2 HZ ( s u l f u r  f i x a t i o n  

‘ m /  \ s f  

( c y c l i z a t i o n  
r e a c t i o n )  

Diphenyl  S u l f i d e  Dibenzothiophene 
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the Pen0 State/DOE coal data bank ( 1 7 ) .  Sample preservation and avoidance of air 
oxidation of tbe samples were key considerations in this investigation as reported 
previously (18-22). Availability of fresh (well-preserved, not weathered) samples 
was the criterion used for sample selection. Some coal samples utilized by Given, 
et al. (22), for an investigation on direct liquefaction were selected in this study 
for comparison with our pyrolysis studies. Primarily bituminous coals were used in 
this study as these are known to yield the highest liquid product during pyrolysis 
(1,2). All samples were prepared and handled in an inert atmosphere. 

About 25 coal samples, mostly in the high-volatile range, were investigated in this 
study. The carbon content of the samples ranged between 70 and 80 percent (daf) 
while the oxygen content ranged from less than 2 to over 20 percent. The sulfur 
content of these coals varied widely from < 0 . 5  to over 6 percent (of dry coal). The 
sulfur type in the feedstocks and the distribution of the sulfur in selected products 
are provided in Table 2 .  The Statistical Analysis System (SAS) program developed by 
the SAS Institute (24) was used for data analysis. 

RESULTS AND DISCUSSION 

Influence of Coal Type on Sulfur Distribution in Products 

A summary of the distribution of coal sulfur to the gaseous, liquid, and solid 
products resulting during pyrolysis at 5OO0C is presented by the following equations: 

Total sulfur in gas = 0 . 3 1  x Scoal [R2 = 0.93, F = 425, P = 0.00011 

Total sulfur in tar = 0.06 x Scoal [R2 = 0.85, F = 175, P = O.OOOl] 

Total sulfur in solid = 0.61 x Scoal [R2 = 0.98, F = 1476, P = 0.00011 

( 1 )  

(2) 

(3)  

The above correlations show that for our data set, about 61 percent of the coal 
sulfur appears in the char while 31 percent of the coal sulfur appears in the gaseous 
products (sum of HgS and COS). Only a small portion of the coal sulfur ( 6  weight 
percent) evolve as the total sulfur of the pyrolysis liquids. This is partly because 
a relatively small portion of coal (5 to 25 percent) is converted to liquids during 
pyrolysis. The water evolved during pyrolysis contains relatively insignificant 
amounts of dissolved sulfur species. 

The R2, F- and P-values for the models are also summarized with the equations. R2, 
the coefficient of determination, measures how much of the variation in the dependent 
variable can be attributed to the model (i.e., independent variable), rather than to 
random error. R2 has been calculated using the regression program of SAS (R2 for the 
no-intercept version was redefined b y  SAS, Reference 24). 

The F-value is the ratio of the mean square for the model divided by the mean square 
error. It is a test of how well the model as a whole (after adjusting for the mean) 
accounts for the behavior of the dependent variable. P is the significance value or 
probability of obtaining at least as great an F value, given that the hypothesis is 
true. When P < 0.05, the effect is usually termed "significant." For more details 
on these statistical terms, see Reference 2 4 .  

The total gaseous sulfur yield (i.e., sum of HZS and COS), the major gaseous sulfur 
products evolved during pyrolysis of coal, can be correlated with the feed dry coal 
sulfur (Figure In). The solid line represents the regression fit through the data. 
The dotted lines represent 90th percentile confidence limits f o r  the mean predicted 
values. 
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TABLE 2 .  S u l f u r  Contents  o f  the  Coals and t h e  D i s t r i b u t i o n  of 
t h e  S u l f u r  i n  Products  (Ta r ,  Char,  and Gases) 

Products  
( U t .  %. Dry) (Ut.  %, Dry 

S u l f u r  Content, Coal Tar  Char Coal) 
Coal Rank T o t a l  P y r i t i c  Organic S u l f a t e  T o t a l  T o t a l  HzS COS 

PSOC 123 hvAb 
PSOC 181 SubA 
PSOC 267 hvAb 
PSOC 275 hvAb 
PSOC 296 hvAb 
PSOC 306 hvAb 
PSOC 355 hvAb 
PSOC 375 hvAb 
PSOC 1109 hvCb 
PSOC 1313 mvb 
PSOC 1323 hvBb 
PSOC 1448 hvAb 
PSOC 1449 hvAb 
PSOC 1469 hvAb 
PSOC 1470 hvAb 
PSOC 1471 hvAb 
PSOC 1472 hvAb 
PSOC 1473 hvAb 
PSOC 1475 hvAb 
PSOC 1481 hvAb 
PSOC 1492 hvCb 
PSOC 1499 hvAb 
PSOC 1502 hvCb 
PSOC 1504 hvAb 
PSOC 1517 hvAb 
PSOC 1520 SubC 
PSOC 1523 hvAb 
PSOC 1524 hvAb 
PITT No. 8 hvAb 
OHIO No. 6 hvCb 
WELLMORE No. 8 hvAb 
AMAX" hvAb 

0.68 
0.58 
1.96 
2.14 
0.98 
2.05 
2.77 
1 .11  
1 .82  
5 .65  
4 .10  
0.46 
1.64 
0.79 
2.50 
1 .04  
0 .85  
0 .63  
0 .98  
4.82 
4.35 
0.67 
0 .51  
0.77 
1.92 
1 .21  
0 . 7 1  
1 .85  
1 .99  
2 . 9 1  
1 .23  
0.91 

0.06 
0 .04  
0 .02  
1 .41  
0 .91  
1 .21  
2.12 
0.38 
0 .78  
4 .52  
1.47 
0 .04  
0 .53  
0 .26  
1 .88  
0 .22  
0.28 
0.08 
0 .32  
3 .20  
1 .82  
0 .02  
0.15 
0 .04  
0.70 
0 .05  
0 .02  
1 .39  
0.34 - -* 
-- 
-- 

0.61 
0.54 
1.89 
0 .73  
0.07 
0 .83  
0 .63  
0.68 
0 .71  
0 .98  
2.29 
0.41 
1.09 
0 .51  
0.58 
0.79 
0.55 
0 .53  
0.64 
1.42 
2.50 
0.65 
0.36 
1 .21  
1.21 
1.15 
0.69 
0.44 
1 .08  
-- 
-- 
-- 

0.01  
0.00 
0.05 
0.00 
0.00 
0 .01  
0.02 
0 . 0 5  
0 . 3 3  
0 .51  
0 .34  
0 .01  
0.02 
0.02 
0.04 
0.03 
0 .02  
0 .02  
0 .02  
0 .20  
0 . 0 3  
0.00 
0.00 
0.02 
0 .01  
0 .01  
0.00 
0.02 
0 . 1 3  -- 
-- 
-- 

0.72  
0 .54  
0.78 
1 . 1 7  
0 .73  
1.54 
1.02 
0 .90  
0.75 
2.57 
2.39 
0 .22  
0.55 
0 .46  

0.55 
0.38 
0.30 
0.41 
2.10 
2.24 
0 .34  
0.25 
0.41 
0.41 
0.50 
0 .53  
0 .81  
0 .72  
0 .88  
0 .43  
0.35 

-- 

0.45  
0 .45  
1 .00  
2 .46  
0.91 
1 .72  
2.27 
1.20 
2.02 
4 . 2 3  
3 .10  
0.36 
2.08 
0.56 

0 .73  
0 .62  
0 .49  
0 .67  
3 .88  
3 .20  
0 . 5 3  
0.40 
0.54 
1.89 
1.08 
0 .48  
1.81 
1 .77  
2 .46  
0.95 
0.58 

-- 

0.201 0.035 
0.067 0 .025  
0.487 0.096 
0 .503  0.098 
0.436 0.034 
0.559 0 .083  
0.605 0.177 
0.415 0.060 
0.348 0 .073  
1.040 0 .231  
1.491 0.216 
0.190 0 . 0 2 8  
0.560 0 . 1 0 3  
0.236 0 .051  

0.468 0.074 
0.406 0 .031  
0.207 0.025 
0.300 0.049 
1.061 0 .248  
1.325 0 .222  
0.278 0 . 0 6 1  
0.229 0 . 0 5 1  
0.284 0.088 
0.779 0 .131  
0.401 0 .043  
0.373 0.054 
0.571 0.046 
0.359 0 .067  
0.462 0 .229  
0.507 0 . 0 5 1  
0.316 0 .038  

-- _ _  

* P h y s i c a l l y / c h e m i c a l l y  c leaned  by AMAX p r o c e s s .  Kentucky Hazard c o a l .  
* Not a v a i l a b l e .  
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A s i n g l e ,  v a r i a b l e  model ( t o t a l  c o a l  s u l f u r )  was used t o  p r e d i c t  t h e  s u l f u r  y i e l d .  
The p r e d i c t e d  and exper imenta l  HzS and COS a r e  compared i n  F i g u r e s  1B and 1 C .  The 
f o l l o w i n g  e q u a t i o n s  d e s c r i b e  t h e  y i e l d s  o f  t h e s e  gaseous s p e c i e s :  

[HZzS] = Scoal x 0.259 [R2 = 0.91, F = 319, P = 0.00011 

[COS] = Scoal x 0.050 

(4) 

(5) [R2 = 0 . 9 4 ,  F = 504, P = 0.OOOll 

I n  t h e s e  e q u a t i o n s  [HzS] and [COS] s i g n i f y  weight p e r c e n t  of c o a l  s u l f u r  a s  HzS and 
COS i n  t h e  p r o d u c t s .  The combined amount r e p r e s e n t e d  by Equat ions  4 and 5 a g r e e s  
wi th  t h e  amount r e p r e s e n t e d  by Equation 1 .  A d d i t i o n a l  two-var iab le  models ( i n c l u d i n g  
t h e  t o t a l  s u l f u r  and o r g a n i c  s u l f u r )  f a c i l i t a t e d  improved p r e d i c t i o n s  of t h e  e x p e r i -  
mental  r e s u l t s .  These r e s u l t s  w i l l  he  d i s c u s s e d  i n  a s e p a r a t e  communication. 

The s u l f u r  c o n t e n t  of t h e  p y r o l y s i s  t a r  (weight  p e r c e n t )  can be p r e d i c t e d  based on 
t h e  c o a l  s u l f u r  (weight p e r c e n t  d r y  c o a l )  a s  shown i n  F i g u r e  2A. The f o l l o w i n g  
equat ion  d e s c r i b e s  t h i s  p r e d i c t i o n :  

Star = 0.467 x Scoal [R2 = 0.946,  F = 522, P = 0.00011, (6) 

where 
s u l f u r  

S e q u a l s  
i t 9 5 r y  c o a l .  

weight p e r c e n t  s u l f u r  i n  t a r ,  and 
'coal 

e q u a l s  weight p e r c e n t  

The f i n d i n g  shows t h a t  t h e  p y r o l y s i s  l i q u i d s  c o n t a i n  l e s s  than  h a l f  a s  much s u l f u r  a s  
t h e  p a r e n t  c o a l  ( f o r  t h e  same amount of f u e l  by w e i g h t ) .  

The c o r r e l a t i o n s  between t h e  p y r i t i c ,  o r g a n i c ,  or s u l p h a t i c  s u l f u r  i n  t h e  c o a l  and 
t h e  s u l f u r  c o n t e n t  of t h e  t a r  were poor .  

The c h a r  s u l f u r  (weight  p e r c e n t  c h a r )  can be c o r r e l a t e d  wi th  t h e  s u l f u r  c o n t e n t  of 
t h e  p a r e n t  c o a l  (weight p e r c e n t  d r y  c o a l ) ,  a s  shown i n  F i g u r e  3A. The t o t a l  char  
s u l f u r  c o n t e n t  (weight p e r c e n t  of c h a r )  can he  c o r r e l a t e d  somewhat with t h e  p y r i t i c  
s u l f u r  c o n t e n t  of t h e  p a r e n t  c o a l  (F igure  3 8 ) .  The g r e a t e r  t h e  p y r i t i c  s u l f u r  con- 
t e n t  o f  t h e  c o a l ,  t h e  l a r g e r  t h e  char  s u l f u r .  From a thermodynamic s t a n d p o i n t ,  
p y r i t e  i s  u n s t a b l e  above 450°C. Not a l l  p y r i t e  i s  decomposed a t  5OO0C even when a 
long  r e s i d e n c e  t i m e  (- 40 min) i s  main ta ined  a t  a tempera ture  above t h e  p y r i t e  decorn- 
p o s i t i o n  tempera ture .  T h i s  f i n d i n g  s u g g e s t s  t h a t  t h e  k i n e t i c s  o f  p y r i t e  decomposi- 
t i o n  and r e a c t i o n  s t r o n g l y  i n f l u e n c e s  t h e  amount of s u l f u r  l i b e r a t i o n .  The s u l f u r  
c o n t e n t  of t h e  char  can  he  p r e d i c t e d  based on t h e  feed  c o a l  s u l f u r  (dry  b a s i s ) .  The 
fo l lowing  e q u a t i o n  r e p r e s e n t s  t h i s  r e l a t i o n s h i p :  

schar = scoal 0.81 [RZ = 0.975, F = 1192, P = 0.00011, (7) 

where S 
c o a l  (we9 'g t  p e r c e n t ) .  

I n f l u e n c e  o f  Peak P y r o l y s i s  Temperature on S u l f u r  D i s t r i b u t i o n  i n  Products  

= s u l f u r  c o n t e n t  of c h a r  (weight p e r c e n t ) ,  and Scoal = s u l f u r  c o n t e n t  of  

To i n v e s t i g a t e  t h e  i n f l u e n c e  of t h e  peak d e v o l a t i l i z a t i o n  tempera ture  on  s u l f u r  
e v o l u t i o n  d u r i n g  c o a l  p y r o l y s i s ,  P i t t s b u r g h  No. 8 c o a l  was pyro lyzed  t o  v a r i o u s  peak 
tempera tures .  Data on t h e  i n f l u e n c e  of t h e  peak p y r o l y s i s  tempera ture  on  product  
d i s t r i b u t i o n  and q u a l i t y  have been r e p o r t e d  ( 2 . 3 ) .  This  c o a l  c o n t a i n e d  about  2 weight  
p e r c e n t  s u l f u r  (dry  b a s i s ) .  The c o r r e l a t i o n  c o e f f i c i e n t  between t h e  t o t a l  gaseous 
s u l f u r  c o n t e n t  (summation of COS and HzS, expressed  a s  the  weight p e r c e n t  of d r y  
feed  c o a l  s u l f u r )  w i t h  t h e  p y r o l y s i s  tempera ture  (between 400 and 725OC) was 0.99 
(F igure  4 ) .  The g e n e r a l  r e g r e s s i o n  model [GLM] of SAS provided  t h e  fo l lowing  r e l a -  
t i o n s h i p  on  s u l f u r  y i e l d  f o r  t h e  tempera ture  range 400 t o  725OC: 

T o t a l  s i n  gas  = (0.00103) x (Temp, in°C) [R2 = 0 . 9 9 ,  F = 234, P = 0.00061 (8) 
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An i n c r e a s e  i n  t e m p e r a t u r e  r e s u l t e d  i n  a n  i n c r e a s e  i n  t h e  s u l f u r  c o n t e n t  of t h e  t a r  
(expressed  a s  we igh t  p e r c e n t  of t h e  f e e d  d r y  c o a l  s u l f u r ) .  A s  one would e x p e c t ,  t h e  
t o t a l  and p y r i t i c  s u l f u r  c o n t e n t  o f  the c h a r  dec reased  a s  t h e  peak h e a t  t r e a t m e n t  
t e m p e r a t u r e  i n c r e a s e d .  I n  c o n t r a s t ,  t h e  c h a r  o r g a n i c  s u l f u r  c o n t e n t  i n c r e a s e d  ( d a t a  
n o t  shown) w i t h  an i n c r e a s e  i n  t h e  h e a t  t r e a t m e n t  t e m p e r a t u r e .  The i n f l u e n c e  of peak  
p y r o l y s i s  t empera tu re  o r  h e a t i n g  r a t e  on t h e  s u l f u r  d i s t r i b u t i o n  i n  p r o d u c t s  f o r  
a d d i t i o n a l  c o a l s  w i l l  b e  a d d r e s s e d  i n  f u t u r e  s t u d i e s .  

SUMMARY AND CONCLUSIONS 

The r e s u l t s  o f  t h i s  s t u d y  demonst ra te  t h a t  t h e  t o t a l  gaseous  s u l f u r  (HzS + COS) gen- 
e r a t e d  d u r i n g  c o a l  p y r o l y s i s  c a n  he c o r r e l a t e d  w i t h  t h e  t o t a l  c o a l  s u l f u r .  Fu r the r -  
more, t o t a l  c o a l  s u l f u r  could  b e  u t i l i z e d  t o  p r e d i c t  t h e  y i e l d s  o f  H2S or COS s p e c i e s  
i n d i v i d u a l l y .  C o r r e l a t i o n s  between t h e  feed  c o a l  s u l f u r  and c h a r  or t a r  s u l f u r  have 
been o b t a i n e d .  The c h a r  s u l f u r  could be  c o r r e l a t e d  somewhat w i t h  t h e  p y r i t i c  s u l f u r  
c o n t e n t .  However, c o r r e l a t i o n s  between s u l f u r  t y p e  ( o r g a n i c ,  p y r i t i c ,  o r  s u l f a t i c  
s u l f u r )  w i t h  s u l f u r  c o n t e n t  i n  t h e  p r o d u c t s  were g e n e r a l l y  p o o r .  M u l t i v a r i a t e  
a n a l y s i s  w i l l  b e  performed i n  t h e  f u t u r e  t o  unders tand  t h e  r o l e  of  s u l f u r  t y p e  ( e . g . ,  
p y r i t i c ,  o r g a n i c ,  or s u l f a t i c  s u l f u c )  on t h e i r  d i s t r i b u t i o n .  

The essence  o f  t h i s  i n v e s t i g a t i o n  is t h e  development of a number of c o r r e l a t i o n s  f o r  
r e l a t i n g  t h e  d i s t r i b u t i o n  of c o a l  s u l f u r  i n t o  s o l i d ,  l i q u i d ,  or gaseous  p r o d u c t s  
o c c u r r i n g  d u r i n g  p y r o l y s i s .  I t  i s  shown t h a t  a b o u t  61 p e r c e n t  o f  c o a l  s u l f u r  a p p e a r s  
i n  t h e  c h a r  w h i l e  a b o u t  31 p e r c e n t  o f  c o a l  s u l f u r  a p p e a r s  a s  gaseous p r o d u c t s  when 
c o a l  i s  pyro lyzed  a t  a r e l a t i v e l y  low t e m p e r a t u r e  (5OOOC). With a n  i n c r e a s e  i n  t h e  
peak  d e v o l a t i l i z a t i o n  t e m p e r a t u r e ,  however, t h e  gaseous  s u l f u r  y i e l d  i n c r e a s e s  
monotonica l ly  f o r  t h e  P i t t s b u r g h  No. 8 c o a l  a t  t h e  expense  of c h a r  s u l f u r .  

REFERENCES 

1. 

2. 

3.  

4 .  

5. 

6. 

7 .  

8 .  

9. 

10. 

11 .  

12. 

Khan, M. R . ,  and  T. Kura ta .  (1985).  "The F e a s i b i l i t y  of Mild G a s i f i c a t i o n  o f  
Coal:  Research Needs." DOE/METC-85/4019, NTIS/DE85013625, 73 pp. 
Khan, M. R .  (1987).  Product ion  o f  High-Qual i ty  L iqu id  F u e l s  from Coal by  Mild 
P y r o l y s i s  of Coal-Lime Mixtures .  F u e l  Sc ience  and Technoloxy I n t e r n a t i o n a l ,  
5 ( 2 ) ,  pp. 185-231. 
Khan, M .  R .  (1987) .  Coal D e v o l a t i l i z a t i o n  a t  Mild and Severe  C o n d i t i o n s ,  
I n t .  Conf. on  Coal S c i e n c e ,  IFA, E l s e v i e r  1987, p .  647. 
A t t a r ,  A.,  and W. H .  Corcoran. (1977).  " S u l f u r  Compounds i n  Coal." l n d .  Eng. 
Chem. Prod. Res. Dev.,  Vol. 16 ,  No. 2 ,  pp.  168-170. 
A t t a r ,  A . ,  and F. Dupuis.  (1979). P r e p r i n t  Am. Chem. S o c i e t y ,  Div.  o f  F u e l  
Chem., 2 4 ( 1 ) ,  166. 
A t t a r ,  A .  (1978),  "Chemistry,  Thermodynamics, and K i n e t i c s  o f  R e a c t i o n s  o f  
S u l f u r  i n  Coal-Gas R e a c t i o n s  -- A Review," Fuel, Vol.  5 7 ,  A p r i l ,  pp.  201-212. 
A t t a r ,  A . ,  W. H. Corcoran ,  and G .  Gibson. (1976).  P r e p r i n t s  Div.  F u e l  Chem., 
ACS, 21(7) ,  pp. 106. 
Given, P .  H., and W .  F .  Wyss. (1961).  "The Chemistry of S u l f u r  i n  Coal." 
The B r i t i s h  Coal U t i l i z a t i o n  Research A s s o c i a t i o n ,  Monthly B u l l e t i n ,  Vol .  X X V ,  
No. 5 ,  May, pp. 165-179. 
Reid ,  E.  E .  (1958).  Organic  Chemistry o f  D i v a l e n t  S u l f u r ,  2, Chemical Publg.  
Co.:  New York. 
Calk ins ,  W. M .  (1987).  " I n v e s t i g a t i o n  of Organic  Su l fu r -Con ta in ing  S t r u c t u r e s  
i n  Coal b y  F l a s h  P y r o l y s i s  Experiments," Energy and F u e l s ,  1,  pp .  59-64. 
Desikan, P . ,  and  C .  H .  Amberg. (1963). " C a t a l y t i c  Hydrodesu l fu r i za t ion  o f  
Thiophene," Canadian J o u r n a l  o f  Chemis t ry ,  Vol. 4 1 ,  pp.  1966-1970. 
Cern ic-Simic ,  S .  (1962). "A S tudy  of  F a c t o r s  t h a t  I n f l u e n c e  t h e  Behavior o f  
Coal S u l f u r  During Carboniza t ion ,"  F 3 ,  Vol. 4 1 ,  N o .  2 ,  March, pp. 141-151. 

259 



13. Snow, R. D. (1932). “Conversion of Coal Sulfur to Volatile Sulfur Compounds 
During Carbonization in Streams of Gases,“ Ind. Eng. Chem., Vol. 24, No. 8, 
Aunust. DD. 903-909. 

14. 
15.  

16. 

17. 

18. 
19. 

20. 

21. 
22. 
23. 
24. 

I I _ -  
Speight, J. (1983). The Chemistry and Technology of Coal, Marcel Dekker, Inc. 
Yergey, A. L., F. W. Lampe, M. L. Vestal, A .  G .  Day, G. J. Fergusson, 
W. H. Johnston, J. S .  Snyderman, R. H. Essenhigh, and J. H. Hudson. (1974). 
“Nonisothermal Kinetics Studies of the Hydrodesulfurization of Coal ,I‘ Ind. Eng. 
Chem., Pro. Des. Develop, Vol. 13, No. 3, pp. 233-240. 
Stinnett, S. J., D. P. Harrison, and R. W. Pike. (1974). “Prediction of Sulfur 
Species Distribution by Free Energy Minimization,“ Environmental Science and 
Technology, Vol. 8 ,  No. 5, May, pp. 441-444. 
Penn State/DOE Coal Data Bank, Office of Coal Research, Penn State University, 
University Park, Pennsylvania, 16802. 
Khan, M. R. (1987). Energy and Fuels, 1(4), pp. 366-376. 
Khan, M. R. (1987). 193rd ACS Petroleum Division Chemistry Preprint 1987, 
Denver, Colorado, April. 
Khan, M. R. (1986). Proceedings, 19th Oil Shale Symposium, Colorado School Of 
Mines, Golden, Colorado, pp. 139-148. 
Khan, M.. R., and R. G. Jenkins. (1985). w, 64(2), pp. 189-192. 
Khan, M. R., and R. G. Jenkins. (1985). F M ,  64(11), pp. 1618-1622. 
Given, P. H., et al. (1982). w, 61(10), p. 971. 
User’s Guide, Fifth Edition, SAS Institute. Raleigh, North Carolina. 

0 1 2 3 4 5 6 
COAL TOTAL SULFUR (WEIGHT PERCENT. DRY COAL) 

188-800-1A BP4 

Figure 1 A .  The relationship between the total gaseous sulfur with the feedstock sulfur 
content (weight percent, dry coal). The solid line represents the regres- 
sion through data. The dashed lines represent 90th percentile confidence 
limits for the mean predicted values. 
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Figure 18. A comDarison between t h e  predicted and actual  HpS y i e l d .  The predict ion 
was based s o l e l y  on t h e  s u l f u r  content of the  c o a l  (weight percent,  dry 
coal 1 . 
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Figure 1C. A comparison between t h e  predicted and actual  COS y i e l d .  The predict ions  
was based on feed s u l f u r  content (weight percent ,  dry c o a l ) .  
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188-800-2A BP4 
F i g u r e  2 .  A comparison between t h e  p r e d i c t e d  and measured s u l f u r  c o n t e n t  of  t h e  

p y r o l y s i s  t a r  (weight  p e r c e n t  of t a r ) .  The p r e d i c t i o n  was based on c o a l  
s u l f u r  (weight p e r c e n t  d r y  c o a l ) .  

188-8w-3A Bp4 

F i g u r e  3A. The comparison between t h e  cha r  s u l f u r  c o n t e n t  (weight p e r c e n t  c h a r )  w i th  
t h e  feed  c o a l  s u l f u r  c o n t e n t  (weight  p e r c e n t ,  d r y  c o a l ) .  The s o l i d  l i n e  
r e p r e s e n t s  t h e  r e g r e s s i o n  through t h e  d a t a .  The dashed l i n e s  r e p r e s e n t  
9 0 t h  p e r c e n t i l e  conf idence  l i m i t s  f o r  t h e  mean p r e d i c t e d  v a l u e s .  
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Figure 38. A r e l a t i o n s h i p  betweel? the cher solfxr coctc-: :v;ight pereeili &ai; w i i l ~  
the pyritic sulfur content (weight percent, dry coal). The solid repre- 
sents the regression through the data. The dashed lines represent 90th 
percentile confidence limits for the mean predicted values. 
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Figure 4. Influence of peak pyrolysis temperature on total gaseous sulfur yield 
(€IPS  + COS) as a function of temperature. 
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Figure 5. Influence of peak pyrolysis temperature on tar sulfur content (weight 
percent of tar). 
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